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In households, municipal solid waste (MSW) is often burned along with wood to get rid of waste, to help in
ignition or simply to reduce fuel costs. The aim of this study was to characterize the influence of household waste
combustion, along with wood, on the physical and chemical properties of particulate emissions in a flue gas of a
masonry heater.

Black carbon The MSW burning alongside wood increased average particulate matter (PM) mass (65%), lung deposited
LDSA surface areas (LDSA, 15%), black carbon (BC, 65%) concentrations and the average particle size in the flue gas.
The influence of MSW was smaller during ignition and burning phases, but especially during fuel additions, the
mass, number, and LDSA concentrations increased significantly and their size distributions moved towards larger
particles. For wood burning the trace metal emissions were relatively low, but significant increase (3.3-179 -fold
increase over cycle) was seen when MSW was burned along the wood. High ratios were observed especially
during fuel addition phases but, depending on compounds, also during ignition and burning end phases. The
highest ratios were observed for chloride compounds (HCI, KCl, NaCl). The observed increase in light-absorbing
particle, trace metal and BC concentrations in flue gas when adding wood with MSW are likely to have negative
impacts on air quality, visibility, human health and climate. Furthermore, metals may also affect the condition
and lifetime of the burning device due to corrosion.

Metals

1. Introduction

As traffic and industrial emissions are continuously decreasing due to
stricter emissions regulations, the level of small-scale biomass burning
emissions has remained stable and has in many cases steadily increased
(e.g. Savolahti et al., 2016, 2019; Helin et al., 2018; Chen et al., 2017).
Biomass burning produces a complex mixture of particulate and gaseous
emissions (e.g. Chen et al., 2017; Kortelainen et al., 2018) with air
quality, health impacts and climate (IPCC, 2013; Janssen et al., 2011;
Lelieveld et al., 2015; Timonen et al., 2019). Primary particles are
produced during the burning process while secondary aerosol is pro-
duced as gaseous emissions partition to the particulate phase due to
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oxidation of precursor gases during atmospheric processing (Kroll and
Seinfeld, 2008; Jimenez et al., 2009). The aerosol between primary and
atmospherically aged aerosols is called fresh exhaust or fresh flue gas
(Ronkko et al., 2017). In fresh exhaust aerosol, the exhaust/flue gas has
cooled to ambient temperatures and a significant part of semi volatile
exhaust compounds have condensed or nucleated into the particulate
phase. Many studies have investigated primary and fresh particulate
emissions and their influence to urban air quality by direct sampling
from the hot emission gases in the biomass burning plumes (e.g. Tissari
et al., 2008; Cubison et al., 2011; Hennigan et al., 2011; Maasikmets
et al., 2016). Primary and fresh particulate emissions from biomass
burning mostly consist of carbonaceous matter (organic and black
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carbon), as well as some inorganic ions (chloride, sulphate) and metals
(e.g. K, Na, Zn, Fe) (Kortelainen et al., 2018; Chandrasekaran et al.,
2012). Secondary PM formation from gaseous precursors originating
from biomass burning can be studied using oxidation flow reactors
(OFR) (e.g. Kang et al., 2007; Lambe et al., 2015; Simonen et al., 2017;
Thalainen et al., 2019). Results from previous studies have revealed a
great range, varying from a high level of SOA production to very little or
no SOA production, in the generation of secondary organic aerosol
(SOA) from biomass burning (e.g. Cubison et al., 2011; DeCarlo et al.,
2010; Ortega et al., 2015).

It is estimated that globally 1 to 2 billion metric tons of municipal
solid waste (MSW), i.e., household wastes such as organic waste, card-
board and plastic packaging as well as waste from industrial, institu-
tional and commercial sources, are produced yearly (Wiedinmyer et al.,
2014). Although the small-scale waste burning in households is mostly
banned, still a large percentage of households (e.g. in Finland >40%,
(Ohtonen et al., 2018), in Estonia >30% irregularly and around 2%
regularly (Maasikmets, 2019)) burn waste, such as cardboard, newspa-
pers, cartons etc, along wood. In households, MSW is often burned along
with wood to get rid of waste, to help in ignition or simply to reduce fuel
costs. In developing countries, with poor waste disposal systems, MSW
may also be burned in open, uncontrolled fires (Meallem et al., 2010;
Stockwell et al., 2016; Rivellini et al., 2017; Jayarathne et al., 2018).
Residential waste burning can significantly contribute to air pollutant
concentrations near emission sources but also to the air quality of larger
areas. For instance, in urban air, organic aerosol originated from plastic
burning has been found during cold season in Estonia (Maasikmets et al.,
2015). In the study of Argyropoulos et al. (2012), waste burning was
contributing on average 7.8-14.3% (cold season) and 3.3-10.2% (warm
season) to the ambient PM;g at two studied sites located in the Rhodes
Island, Greece.

The combustion of wood in households causes adverse effects for
human health and even mortality and morbidity (e.g. Forouzanfar et al.,
2015; Muala et al., 2015; Lim et al., 2010). The toxicity of combustion
aerosol depends on various factors related e.g. to combustion condition,
fuel quality, particle composition (e.g. Jalava et al., 2012; Kasurinen
et al., 2016). The release of potentially toxic compounds, e.g. polycyclic
aromatic hydrocarbons (PAHs) has been observed to increase, depend-
ing on the waste type (Jayarathne et al., 2018; Hoffer et al., 2020).
Wagner and Cabarello (1997) studied the combustion of rubber and
plastic-type materials and found highly toxic gases such as hydrocyanic
acid, sulphur dioxide, and hydrogen chloride in emitted compounds. In
their study, more than 92% of the particulate mass was found to be in the
respirable range, and toxic heavy metals such as lead, chromium, and
antimony emissions were also detected in particles. Also, Hedman et al.
(2006) identified a variety of different toxic compounds, including e.g.
polychlorinated dibenzodioxins/dibenzofurans (PCDD/F’s) in emitted
smoke for the combustion of MSW in stoves. These toxic compounds
from waste burning may cause health risks if humans are exposed to the
emitted compounds (e.g. Menezes-Filho et al., 2012; Gangwar et al.,
2019).

The aim of this study was to characterize the influence of household
waste combustion along with wood on the physical and chemical
properties of particulate emissions. A masonry heater was used to burn
the wood and MSW and a comprehensive set of instruments was used to
measure physical and chemical properties of particles, including
detailed chemical composition, number- and mass concentrations, as
well as lung deposited surface areas (LDSA), number and mass size
distributions of PM, during the burning process in the flue gas.

2. Experimental
2.1. Measurement and dilution setup

The experiments were conducted at the Estonian Environmental
Research Centre (EERC) fireplace test facility in Tallinn, Estonia. The
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fireplace was a masonry heater constructed to closely resemble fireplace
built according to the standard EN 15544. The measurement setup is
shown in Fig. 1. The flue gas sample was taken from the back of the
heater from the base of the chimney, i.e., relatively close to the com-
bustion process. The flue gas sample was first diluted using an ejector
(Dekati Ltd, Finland) diluter, followed by pair of secondary diluters. A
set of instruments measuring gaseous and particulate emission were
placed after the other double ejector system. In addition, another ejector
diluter after the PAM was used to dilute the flue gas sample further to
concentrations suitable for the aerosol instruments. The average dilution
ratio was 108 after the double ejectors and 2099 after the PAM (i.e. last
ejector dilutor). A detailed description of dilution setup and dilution
ration calculations is given in Supplemental material. The CO concen-
tration of the sample was measured before the PAM chamber with a
Fourier transform infra-red analyzer (FTIR, Gasmet) and after the PAM
with Environnement S.A, CO12M analyzer). The CO concentrations
were used to calculate the OH-exposure of the sample.

Two Electrical Low-Pressure Impactor (ELPI) units were used in this
study: a classic ELPI (cELPIL; Keskinen et al., 1992; Marjamaki et al.,
2000) and ELPI+ (Jarvinen et al., 2014). Both devices share the same
operating principle. Shortly, ELPI devices charge the measured particles
in a diffusion charger and then classify the particles according to their
aerodynamic size in a cascade impactor. The electrical current imparted
by the collected particles in the impactor stages are measured with 1 s
time resolution. The current data can then be converted to various
particle size distributions. In this study, ELPI+ was used to determine
particle number size distribution, mass size distribution and LDSA size
distribution. The LDSA size distribution was calculated by using
stage-specific conversion factors presented in Lepisto et al. (2020). The
cELPI unit was used to monitor particle mass concentration after the
PAM chamber. The cELPI was modified with an additional stage
(Yli-Ojanpera et al., 2010) and a filter-stage (Marjamaki et al., 2002) to
nearly resemble the ELPI + impactor configuration. Data from impactor
stages that received less than 0.5% of the total current after secondary
collection corrections were ignored. A previous article from this
campaign compared instruments for particle mass measurements (Salo
et al., 2019).

A Soot-particle Aerosol Mass Spectrometer (SP-AMS, Aerodyne
Research Inc, US) was used to gain information on the real time chem-
ical composition of submicron non-refractory PM (sulphate, ammonium,
nitrate, chloride, organics), refractory organics and refractory BC (rBC)
and some metals (Onasch et al., 2012; Carbone et al., 2015). The SP-AMS
contains a standard tungsten vaporiser and a Nd:YAG laser vaporiser
(1064 mm), which allows the SP-AMS to measure refractory PM that

» FTIR
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Fig. 1. Experimental setup used to measure wood and MSW burning emissions.
Numbers 1-3 represent the locations of CO, measurements for dilution ratio
calculations. Mass flow controllers (MFC) were used to control the CO and
humidifier flows.
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vaporises above the tungsten vaporiser temperature (600 °C). The
measured particle size range of the SP-AMS is limited by the aero-
dynamic lens, which transmission efficiency is over 50% for particles
with vacuum aerodynamic diameter between approximately 50-700 nm
(Liu et al., 2007).

The SP-AMS data was analysed using AMS software (SQUIRREL 1.60
and PIKA v1.20) with Igor Pro 6.37 (WaveMetrics, OR). Collection ef-
ficiency (CE), calculated based on the Middlebrook et al. (2012), was
between 0.5 and 1. In general, CE was 0.5, which was therefore used for
all data points. A CO5 correction for the SP-AMS data was done as there
was relatively large variation in CO; concentration.

A Potential Aerosol Mass (PAM) chamber (Aerodyne Research Inc,
US, Kang et al., 2007; Kang et al., 2011) was used to simulate the at-
mospheric aging of the flue gas. The PAM chamber is a small flow
through chamber with two UV lamps to produce UV radiation (A = 185,
254) and high oxidant (O3, OH and HO2) concentrations (100-1000
times tropospheric values). The ratios of OH/O3 and HO,/OH are similar
to tropospheric values and the PAM chamber is shown to simulate well
atmospheric conditions (Kang et al., 2007; Lambe et al., 2011, 2015).
The flow through the PAM chamber was 9 L min ", which was divided to
central flow (7.5 L min’l) and ring flow (1.5 L min’l). The latter one
was used to reduce interactions with the walls, and it was discarded. At
the flow rate of 9 L min !, the calculated average residence time in the
PAM chamber was 88 s. The set voltage of the PAM chamber lamps was
2.5V, the average temperature and relative humidity (RH) were 25.8 +
1.7 °C and 24.2 + 1.4%, respectively. The loss and OH-exposure cal-
culations described in supplemental material.

2.2. Burning experiments

During the measurement campaign a total of five burning experi-
ments were conducted (Table 1). Each burning experiment typically
lasted for 60-90 min. The fireplace was allowed to cool between each
experiment for at least an hour and for the cooling blower at the top of
the chimney was used. The burned material was either pure dry wood
(alder and spruce, less than 20% humidity) or wood with added MSW
(Table 1). MSW was present at the ignition and it was added simulta-
neously with wood during the additions. The MSW consisted of a typical
household waste, excluding any chemical/paint/glue containers
(Table 2). The percentages of each waste fraction were based on the
Estonian municipal solid waste sorting study (SEI, 2013). Waste mate-
rials were not shredded before the combustion and were packed into a
light-weight plastic bag to ensure that every bag had a similar variety of
materials to represent each material group chosen for the experiments
from the MSW sorting study.

Burning conditions were categorized to four phases called: ignition,
burning, addition and end burning. The ignition phase began by lighting
kindling (small sticks of the wood) placed on top of the logs. The chosen
‘top down’ ignition method was used as it should prevent the smoul-
dering at the beginning of the experiment. The ignition was made with

Table 1

Amount of fuel (kg) used in burning experiments, shown separately for ignition
and subsequent additions. Fuel additions not characterized due to the technical
difficulties during experiments are marked with *.

Fuel Wood Wood Wood Wood + Wood +
MSW MSW
Cycle no. 1 2 3 4 5
Wood in ignition 5.15 7.92 6.28 5.63 + MSW 5.05 + MSW
(kg)
1. Addition (kg) 2.07% 418 3.02 2.17* 3.89 + MSW
2. Addition (kg) 2.23*  3.84 2.65 4.0 + MSW 3.12 + MSW
3. Addition (kg) 1.44 - - 5.01 + MSW -
4. Addition (kg) 2.2 - - - -
Total mass (wood, 13.09 15.94 11.95 16.78 12.06
kg)
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Table 2
MSW material types, weight (g) and contribution (%) of each material used in
the cycles 4 and 5.

Material Amount of MSW, % of Amount of MSW, % of
experiment 4 (g) MSW experiment 5 (g) MSW
Plastic 257 31.5 259 32.8
Paper and 194 23.8 193 24.5
cardboard
Wood 28.7 3.5 28.8 3.6
Other 263 32.2 235 29.7
flammable
material
Textile 72.6 8.9 73.8 9.3
Total mass 816 100 790 100

5-8 kg batches of dry wood logs (Table 1), which were dried in a room
temperature conditions and weighted before use. In experiments 4-5 the
wood was ignited with MSW.

Burning phase was the phase after ignition when most of the fuel was
in visible flames and the temperature in the fireplace had increased. The
burning phase is the optimum operating condition for the masonry
heater with a high temperature and adequate oxygen feed to the com-
bustion. During burning phase, temperatures reached in combustion
chamber an average of 425 °C and occasionally a peak temperatures up
to 649 °C were observed. Next batch of fuel was added after most of the
previous fuel had burned until embers. Third phase of the experiment
was the addition of the fuel. The stage from last addition to end of
experiment was called end burning. The fireplace was allowed to cool
between each experiment for at least an hour. A blower situated at the
top of the chimney was used to keep the gas velocity constant (~2 m s *)
and to aid the cooling of the masonry heater. At the beginning of each
experiment, temperature at the masonry heater was between 20 and
130 °C, depending on the cycle. The effect of fireplace’s temperature, at
the beginning of cycle, was estimated to have minor influence on flue
gas emissions. Tables S1 and S2 contains a summary of measurement
points, used fuels and different burning conditions as well as average
gaseous and particulate emissions during different phases.

The gaseous emissions, CO, NOy, were relatively similar between all
cycles (NOx 0.63-0.97 g/kgCO,, CO 11.3-18.6 g/kgC0O3) and no major
changes in emission levels were observed due to addition of MSW. The
temperature of the combustion was relatively low and, thus the NOx
emissions are most probably originated from the fuel. The highest CO
emission factors were measured in the burning end phase for both wood
and wood + MSW combustion. Average modified combustion effi-
ciencies (MCE’s, table S1) were similar for all cycles (0.97-0.98) for the
flaming-dominated burning (Pokhrel et al., 2021), however the MCE’s
were between 0.92 and 0.93 in the burning end phase of wood + MSW
combustion but between 0.93 and 0.95 in the burning end phase of
wood combustion.

We note that the fireplace used in the study is a fireplace commonly
used in the Nordic households and wood burning is a common practice.
Waste mixture was chosen to represent commonly burned trash. Thus,
the results are generalizable to freshly emitted household combustion
emission, but, however, not to waste burning plants or open fires in
ambient conditions and waste dumping sites. We note that the com-
busted waste, and combustion conditions may have a large influence on
emissions. Also, in the atmosphere emitted flue gas is diluted, cooled,
mixed with ambient pollution and transformed during the aging process.
Our results represent both fresh emissions and secondary aerosol for-
mation potential of emissions during aging.

3. Results and discussion
3.1. Influence of MSW to observed number size distribution

Altogether five burning experiments to characterize gaseous and
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particulate emissions were conducted. In three experiments, the fuel was
wood (cycles 1-3) and in two experiments fuel was a mixture of wood
and municipal solid waste (wood + MSW, cycles 4-5). To study the
temporal behaviour of emissions and the influence of MSW on particle
number (PN) concentrations and size distributions, two of the cycles
(cycle 3 wood as fuel and cycle 5 wood + MSW) were chosen for more
detailed timeseries analysis as they had continuous fresh PN measure-
ments during the whole cycle.

Fig. 2 shows the particle number size distribution in fresh flue gas as
a function of time for wood (upper panel) and wood and MSW burning
(lower panel). Timeseries for other cycles are shown in supplemental
material (Fig. S1-3). In all cycles, the ignition of the fuel produced a
burst of small particles with particle diameters between 10 and 100 nm.
After approximately 5 min from the beginning, i.e., when the fuel started
to burn efficiently, a relatively stable particle mode between aero-
dynamic diameters of 80 and 300 nm and with mean particle size around
150 nm was observed. During the fuel additions, high concentrations of
small particles with diameters 10-100 nm appeared again in the particle
number size distribution. However, this phenomenon was short lasting,
and more significant change in the particle size distributions was seen in
larger particles; the addition of fuel significantly increased their con-
centrations for 3-5 min, mostly in particle sizes larger than 80 nm. Note
that during the fuel additions, the upper part of the particle number size
distributions clearly reached even micrometer size. At the end of the
burning cycles, the mean particle size decreased gradually, and con-
centrations decreased in all particle sizes. Similar particle size distri-
butions from wood combustion, in the size range100-200nm (the mode
with the highest concentration) has been reported by Tiwari et al.
(2014). Kortelainen et al. (2015) measured the geometric mean diam-
eter of particles from wood combustion varying between 40 and 150
depending on the burning phase and wood species. Hosseini et al. (2010)

Cycle 3
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Fig. 2. Fresh flue gas particle number size distributions as a function of time for
wood burning (cycle 3, upper panel) and wood + MSW burning (cycle 5, lower
panel). PN measurements were conducted with the ELPI + after the double
ejector dilution of flue gas. Cycle 3: ignition 09:21-09:38, burning phase
09:44-09:49, fuel additions at 9:56 and 10:16 and burning end 10:27-10:46.
Cycle 5: ignition 15:36-15:49, burning phases 15:50-16:05 and 16:07-16:15,
fuel additions at 16:15 and 16:37 and burning end 16:49-17:08.
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reported smaller particle sizes from the combustion of different wood
types in laboratory conditions with the mode at around 30-50 nm for
mixed state combustion (small flames and smouldering) and concen-
trations decreasing sharply after 200 nm. Similarly, to this study num-
ber, surface area and mass concentrations peaked at ignition and after
new patch addition in measurements by Kortelainen et al. (2015) and
Hosseini et al. (2010) also reported a significant reduction of particle
number concentrations as burning proceeded.

Although the temporal behaviour for both fuels were similar, fuel
clearly affected the observed PN concentration levels. In the wood
burning, the mean PN concentration, corrected by dilution ratios, was
approximately 4.2 x 10”7 cm ™2 and in the combination of wood and
MSW burning it was 12% higher (4.7 x 107 em~23) (Table 3). Increase of
particulate emissions due to the burning of MSW with wood can be also
observed from measured flue gas mean PM; and PM, 5 particle mass
(81-100% increase) and LDSA (56% increase) concentrations (Table 3).
In general, particle number and mass concentration levels for wood
combustion were relatively similar as observed in previous studies (e.g.
Kortelainen et al., 2018). Previous studies have shown that both the fuel
and combustion conditions has significant impact on emissions (Tissari
et al., 2008; Kortelainen et al., 2018). Likely in this study the change in
fuel from wood to wood + MSW, changed both the fuel and the com-
bustion conditions and thus caused increase in emission levels. Inline
with our results, Hoffer et al. (2020) observed 1 to 38 times higher PM;
emission for waste combustion, depending on burned waste, when
compared to wood combustion. Also, Jayarathne et al. (2018) observed
significantly higher PMy 5 emission factor for damp garbage than dry
garbage (dry garbage EFpyos5 7.4 g/kg, damp garbage EFpyaes 125
g/kg).

3.2. Influence of MSW to LDSA size distributions

Fig. 3 and supplement Figs. S4-7 show the LDSA size distributions for
the wood and wood + MSW burning in different phases (ignition,
burning, addition, burning end) of cycle 5 (Fig. 3) and cycles 1-4 (Fig
S4-7). Table S3 summarizes the average LDSA concentrations calculated
per kg (COy) and geometric mean particle sizes (D,) of LDSA size dis-
tributions for different cycle phases. In general, the CO, normalized
LDSA concentrations were slightly lower (2.4-5.4 x 102 um?/kgco2) for
wood burning than for wood and MSW burning (2.2-6.4 x 102 ym?/
kgco2). The mean D, for wood combustion was 0.19 pm (cycles 1-3) and
0.24 pm for wood + MSW combustion (cycles 4-5). The lowest particle
sizes were seen during wood ignition (0.11-0-13 pm) and end burning
(0.17-0.19 pm). In contrast, the largest mean aerodynamic particle sizes
were seen during wood and MSW additions (0.26-0.31 pm). As the
largest change in emissions for both PN and LDSA was observed during
fuel additions, these periods were chosen for further examination
(chapter 3.3.).

Although, the recent scientific literature reports LDSA concentra-
tions and emission factors e.g. for traffic and ambient air (e.g. Kuulu-
vainen et al., 2016; Jarvinen et al., 2019; Cheristanidis et al., 2020),
information about LDSA concentrations and size distributions from
wood or Wood + MSW combustion are scarce. Kortelainen et al. (2018)
published average surface area concentrations measured with NSAM
(Nanoparticle Surface Area Monitor) for birch combustion (1.6 x 108
um? em ™) and for spruce combustion (8.7 x 10° pm? em ™). Similarly,

Table 3
Mean PN, LDSA, PM; and PM; 5 concentrations for wood (cycles 3) and wood +
MSW (cycle 5) burning cycles.

Cycle 3 5

Mean PN 4.2 x 107 cm™® 4.7 x 107 em™>

Mean LDSA 2.3 x 10° ym?%cm 3 3.6 x 10° pm?cm 3
Mean PM; 1.1 x 10° pg m 3 2.0 x 10° pg m 3
Mean PM; 5 1.2 x 10° ng m~3 2.4 x 10° ng m3
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to our study, they observed highest surface area concentrations during
the batch additions. It has been previously seen that changes in LDSA
concentration may affect to various health parameters, e.g. lung func-
tion (Patel et al., 2018).

3.3. Influence of MSW to flue gas particle size distributions during fuel
additions

Fig. 4 shows the particle size distributions for number, LDSA and
mass concentrations of the fresh aerosol during the Wood and Wood +
MSW addition phases. The results of other measured additions are
shown in Fig. S8.

The observed number, LDSA, and mass concentrations in all the size
distributions were significantly higher in the wood + MSW addition
(dashed line) when compared to wood addition. Differences were seen
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also in particle sizes; the geometric mean particle diameters were 109
nm for the number size distribution, 261 nm for the LDSA size distri-
bution and 491 nm for the mass size distribution during the first addition
of wood + MSW and, respectively, in the first addition of wood those
were 84 nm (number), 223 nm (LDSA) and 408 nm (mass). This
behaviour was repeatable which can be seen as highly similar size dis-
tributions during the second fuel addition (Fig. 3b).

All particle size distributions presented in Fig. 4 covered large par-
ticle size range. Regarding particle number, the highest concentrations
were in approximately 100 nm, but the tail of the distribution continued
down to 10 nm and, on the other hand, up to 500 nm. MSW additions
increased the observed particle number concentrations but it did not
affect much the shape of the number size distributions. The LDSA size
distributions covered the whole fine particle size range, i.e., particle
sizes smaller than 2.5 pm. It is important to notice that the MSW caused

12 14 b
80 X107 162107 B) i i .
Number - wood "
70k 44 ]|~ = ~Number - wood + MsW N
= Mass - wood RN s
'y = = =Mass - wood + MSW p B _
O 6.0F S 12 |——LDSA - wood " ’ . =
2 & | |- - -LDSA-wood + Msw | 1% ' \ 8
e 9 XY RPEal \ RS
re [ \ . Y <
Esof 20 ¢ B L . 1 e
8‘\1 8\1 st \ =
40f 8t 50
gre g
© © S
[=) a o
D 30F 2 6f o)
3 ] 28
< Lz ,l =
@ 20 4 =
|
© 1
10F 2
0.0 0 = e R 0
10% 107 D, (m) 100

Fig. 4. The mean particle size distributions for number, LDSA and mass for fresh aerosol during the first (a) and the second (b) addition of wood or wood + MSW.
The size distributions have been normalized with CO, emissions (kgcoz). Data are from experiments 3 (wood) and 5 (wood + MSW).
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a significant change also for the shape of LDSA size distribution; while
the LDSA size distribution was nearly one-modal in case of wood addi-
tions, during wood + MSW additions it was clearly bimodal. The second
mode appeared in 200-1000 nm particle sizes. This was seen also in the
mean particle sizes of LDSA mentioned above (Table S3). The measured
particle mass size distributions covered sizes from 100 nm to the sizes
significantly above 1 pm. The particle mass size distributions related to
wood burning had nearly one-modal shape, with relatively weak
“shoulder” in sizes above 1 pm. In case of MSW addition, this “shoulder”
increased and formed a major part of the size distribution. To our
knowledge, LDSA size distributions for wood and MSW combustion has
not been published in peer-reviewed literature. Similar bimodal LDSA
size distribution, with median sizes between 190 and 410 nm, has been
observed by Salo et al. (2021) during a long-range pollution event in
Helsinki and in the highly polluted Delhi-National Capital Region. Inline
with our results, Kuuluvainen et al. (2016) observed that the ambient
LDSA size distribution maximum was around 100 nm for traffic influ-
enced areas and around 200 nm in measurements conducted in resi-
dential areas. The inhalation, toxicity and thus health impacts of
particles are strongly connected to both the average size and the surface
area and thus it is very important to measure the particle size distribu-
tion and LDSA in addition to PM concentration in order to enhance the
understanding of how particles impact our health.

3.4. Influence of MSW to particle composition

Fig. 5 presents the average composition of submicron particles for
each phase measured during cycles 1-5 (upper panel) and the contri-
bution (%) of the major chemical constituents (lower panel) measured
with the SP-AMS. The PAM chamber was used to simulate the secondary
aerosol formation potential, i.e., the effects of atmospheric ageing on
mass concentrations and composition of emitted aerosol. Phases where
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the PAM chamber has been used are marked to figure with the text
‘PAM’ and phases where wood + MSW were burned marked with
‘MSW’.

In general, the main components of submicron PM in flue gas were
organics and rBC (Fig. 4). When compared to wood, the wood + MSW
combustion clearly increased rBC concentration (65%) and slightly
decreased the concentration of organic compounds (26%). Similar PM
composition for wood combustion has been observed e.g. by Frey et al.
(2009) and Kortelainen et al. (2018). However, in this study large var-
iations were observed between different burning phases but the PM
concentrations were quite similar between the cycles.

During the ignition periods the major particulate components were
organic compounds (20%) and refractive black carbon (rBC, 78%),
together representing on average 99% of mass. Ignition of wood + MSW
mixture did not cause significant increases to the emissions of the main
components or the composition of PM during ignition. In the case of
aged emissions (after the PAM chamber) the contribution of organics
increased (50%), but in general secondary PM emissions were on the
same level during ignition as the primary emissions, indicating that
secondary aerosol formation was not significant during ignition.

During the burning phases, large variation in submicron PM emis-
sions was observed, however, the primary emissions for wood and wood
+ MSW were quite similar from the particle composition perspective and
in general the concentrations of fresh emissions were slightly lower than
during ignition period (Fig. 4). During the burning, organics and rBC
were the main contributors to PM mass, however the contribution of
inorganic compounds to submicron particulate mass slightly increased
but still remained at low level. Similar to burning, large variation in
submicron PM emissions was observed for burning end phases. The
chemical composition measurement showed that the contribution of
organics was larger during burning end phase than during the burning
phase. The aging of flue gases in the PAM chamber increased the mass of
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Fig. 5. Average mass concentrations of rBC, organics, nitrate, sulphate, ammonium and chloride of submicron particulate emissions (upper panel) and average
contribution of each chemical constituent (lower panel) for each phases of cycles. The measurement phases where PAM has been applied are marked with “PAM” and
phases where MSW was burned marked with “MSW”. The composition was measured with SP-AMS and the values are normalized with CO,.
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particulate organics, both for wood burning and wood + MSW burning.

Similarly, as was observed for size distributions, the MSW had a
major influence on concentration and composition of submicron par-
ticulate emissions during fuel additions. Significant increase was seen
both in rBC (275% increase) and organic concentrations (20% increase)
of fresh flue gas and in organic concentration of flue gas treated by PAM
chamber.

BC forms in incomplete combustion and observed increase in BC
emission indicates that MSW changed the combustion conditions. Frey
et al. observed over 50% increase in EC when combustion conditions
were changed from good to smoldering combustion.

Inline with our results, Stockwell et al. (2016), observed higher BC
emission factors for emissions of mixed waste burning from open fires
compared to other fuels. Also, previous studies have indicated that
organic fraction from waste combustion typically contains for example
PAH and BTEX compounds (e.g. Stockwell et al., 2016; Hoffer et al.,
2020) that are known to be detrimental for health (Schwarze et al.,
2006) and therefore, the change in composition by MSW combustion is
rather concerning.

Related to wood burning, the mean ratios of organic to rBC were on
average between 0.27 and 4.48 depending on the burning phase and
aging. The MSW addition was not observed to have systematic influence
on organic to rBC -ratios. Fig. S9 shows the organic to rBC -ratios for
each phase in each cycle. Observed ratios are lower than in Grieshop
et al. (2009) who found organic to BC ratios ranging from 1.1 to 13 for
fresh wood combustion emissions. Our results were also smaller when
compared to ratios observed for flex-fuel vehicles (0.9-3.1 (Timonen
et al.,, 2017);) or in the atmosphere (1.5-20; (Aurela et al., 2011). In
general, the PAM enhancement ratios (ER) were relatively low (1.7-3),
as typically observed for wood combustion (Ortega et al., 2013).

3.5. Trace metal emissions during the fuel additions

Fig. 6 shows the “wood + MSW combustion to wood combustion”
-ratio for different trace metals and their salts (Al, Cd, Fe, Nb, Rh, Sb, Zn,
HCl, KCl, NaCl) during the different burning phases.

For wood burning the trace metal emissions were relatively low, but
significant increase (on average 3.3-179 -fold increase over cycle) was
seen when MSW was added along the wood. High ratios were observed
especially during fuel addition phases but, depending on compounds,
also during ignition and burning end phases (Fig. 6). The highest ratios
were observed for chloride compounds (HCl, KCl, NaCl). Potassium and
chlorine content in the wood varies between different wood species and
the geographical location of the trees (Shah et al., 2010; Jenkins et al.,
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Fig. 6. The average Wood + MSW/Wood -ratios for different metals and their
salts measured with SP-AMS for ignition, addition, burning and burning end
phases. The ratios for NaCl (marked with *) were divided by 10 to fit data into
the same scale.
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1998). When wood is combusted, potassium, sodium and chloride are
released from the fuel (Sorvajarvi et al., 2014). They form potassium
chloride (KCl) and sodium chloride (NaCl) in the gas phase both of
which can cause corrosion in fireplaces (Skrifvars et al., 2008). The KCL
release from wood combustion and water in the gas phase react together
releasing HCl (Lehmusto et al., 2019). Kortelainen et al. (2018) also
observed Cl, Zn, Na, Fe and K emissions when burning spruce, beech and
birch. The elevated chloride compound concentrations during MSW
burning indicate that either the MSW also released additional chloride
compounds to flue gas or changed the chemistry to favor gas-to-particle
phase change of chloride compounds. Elevated ambient chloride com-
pounds from combustion of biomass and likely mixed waste are typically
observed in polluted areas such as India (Gani et al., 2019; Gunthe et al.,
2021). Gunthe et al. (2021) found that highly water-absorbing and
soluble chloride in the aqueous phase substantially enhances aerosol
water uptake through co-condensation, which sustains particle growth
and leads to haze and fog formation. Their results suggest that the high
local concentration of gas-phase hydrochloric acid causes some 50% of
the reduced visibility.

In addition to chloride compounds, we observed elevated concen-
trations of a variety of other metals (Al, Cd, Fe, Nb, Rh, Sb, Zn) in flue gas
when MSW was burned. Many of metals observed in this study (e.g. Al,
Fe, Cd, K) are also found naturally in wood and bark (Chandrasekaran
et al.,, 2012). However, the higher concentrations observed for MSW
burning indicate that the origin of these metals is likely MSW materials,
including e.g. paints, foil-coatings, additives, stabilizers, fire retardants
and color pigments used in variable roles and concentrations in card-
board, wood, textiles and plastic products. Trace metals, such as anti-
mony, have been proposed as a tracers for waste combustion. Christian
et al. (2010) measured metal emissions from variety of sources (e.g.
indoor open wood cooking fires, charcoal and brick making kilns,
garbage burns in peri-urban landfills and barley stubble field burns) in
Mexico. They observed over 300 times higher antimony emissions for
garbage burning than for crop burning. Also, Jayarathne et al. (2018)
observed that garbage burning emissions from open fires contained
relatively high concentrations of heavy metals (Cu, Pb, Sb). Our results
for antimony, showing significant increase especially during ignition
and fuel additions, are in line with the previous results and further
confirm that the antimony could be a good tracer for MSW combustion
emissions.

Metals in wood combustion derived aerosols have known effects for
toxicity (e.g. Uski et al.,, 2015; Kocbach Bolling et al., 2009) and
therefore, it may be anticipated that MSW burning is increasing those
effects due to larger concentrations.

4. Conclusions

Although it is mostly forbidden, household waste is often burned
with wood to reduce the cost of heating and to dispose the waste, even in
developed countries. In this study, wood and wood mixed with house-
hold waste were burnt in a masonry heater to characterize the influence
of waste combustion to particulate emissions in the flue gas. Household
waste combustion along with wood in a stove appliance commonly used
in the households was observed to increase the particulate emissions.
The most pronounced effects were seen during the fuel addition periods,
when the concentrations of PN, PM, BC and LDSA increased and mean
particle size increased. Especially, the increased metal concentrations
combined with increased lung deposition surface area indicate that
waste burning could potentially have influences to human health.

Furthermore, the increase in chloride emissions due to MSW burning
will likely have negative impact to condition of burning device due to
corrosion. The increase of particulate emissions will likely affect the air
quality in nearby areas and houses. In addition, both the BC and metals
absorb light and thus warm climate and change the albedo of snow and
ice surfaces causing melting.
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